Abstract. The aim of the present study was to determine the expression of a-disintegrin and metalloproteinase 10 (ADAM10) in human glioma tissues from surgical specimens and discuss its possible significance in glioma biology. A total of 43 glioma specimens obtained from patients between 2007 and 2010 were collected and a series of assays were performed. Of these, 22 cases were low-grade gliomas, while 21 cases were high-grade gliomas. In addition, 20 cases of meningioma were used as the control group. Reverse transcription-polymerase chain reaction (RT-PCR), western blot analysis and immunohistochemistry were used to determine the mRNA and protein expression levels of ADAM10. Besides the quantitative analysis, histological observations were also performed to localize ADAM10 expression in glioma cells. The RT-PCR and western blot analysis results demonstrated increased ADAM10 expression in the low-grade glioma samples compared with the control (P<0.05), while ADAM10 expression was further increased in the high-grade glioma samples (P<0.01 vs. control; P<0.05 vs. low-grade glioma), indicating that the mRNA and protein expression levels of ADAM10 were malignancy-dependent. The immunohistochemical analysis revealed that the ADAM10 protein was located on both the tumor cell membrane and blood vessel walls within tumor tissues. In conclusion, these results indicated that ADAM10 expression correlates with the grade of malignancy in human glioma from surgical specimens. In addition, the fact that ADAM10 protein was expressed on cell membranes and blood vessel walls within tumor tissues, indicates that its expression may be associated with invasive tumor growth and peritumoral edema formation.
Introduction
Gliomas comprise the majority of primary brain tumors and are the leading cause of intracranial neoplasm mortality, resulting in a poor prognosis despite advances in surgical techniques and concurrent radiochemotherapy regimens (1) (2) (3) . High-grade gliomas exhibit aggressive biological features, including extensively infiltrative growth and diffuse invasion, and are frequently recurrent and intractable (3, 4) . Radiotherapy, chemotherapy and photodynamic therapy may increase survival rates (5, 6) ; however, disease recurrence is virtually inevitable (7) . The invasive growth of gliomas is a long-standing and formidable issue that often leads to the failure of glioma therapy (3, 8) . At present, the biological behavior and characteristics of gliomas, including infiltrative invasion, should be investigated, rather than methods of reducing the tumor bulk.
The invasive growth of gliomas is a complex multistage process that involves changes in the expression levels of multiple genes and includes various pathophysiological aspects, including attachment to neighboring cells, aggregate formation, adhesion to the matrix substratum, migration and invasion into the three-dimensional cellular microenvironment, which includes tumor cells, the extracellular matrix, stromal cells, cytokines, immune cells and is characterized by tissue hypoxia, acidosis and interstitial high pressure; of these components, the extracellular matrix key and may be hydrolyzed by ADAM10 during glioma invasion (9, 10) . As glioma cells acquire their infiltrative phenotype, they overexpress various matrix metalloproteinases (MMPs), which are a family of zinc-dependent endopeptidases that cleave extracellular matrix components (11) (12) (13) (14) . In addition to their role in extracellular matrix degradation, a number of MMPs and the associated family of 'a-disintegrin and metalloproteases' (ADAMs) also regulate proliferation, adhesion, migration and metastasis by initiating the cleavage of cell surface proteins (12) (13) (14) (15) . Among these genes, ADAM10 is currently attracting increased attention (12) (13) (14) . As a member of the zinc-dependent protease family, the structural characte ristics of ADAM10 form the basis of its biological functions (13, 15, 16) . Previous studies revealed that ADAM10 is involved in the pathogenesis of several types of malignant solid tumors and that it may be involved in invasive growth (12, (17) (18) (19) (20) . Therefore, in the present study, a series of assays were designed and conducted to determine the expression of ADAM10 and its localization in low-and high-grade gliomas. These results may provide an insight into the biological roles of ADAM10 in gliomas with different malignancies, thereby elucidating its underlying mechanisms, which may provide a promising target for gene therapy of gliomas.
Materials and methods
Specimen processing. Between May 2007 and July 2010, a total of 43 glioma specimens were collected from patients hospitalized at the Department of Neurosurgery (The First Affiliated Hospital of China Medical University, Shenyang, China) and included in this study. This study was approved by the ethics committee of The First Affiliated Hospital of China Medical University and written informed consent was obtained from all patients. These specimens included 22 cases of low-grade gliomas and 21 cases of high-grade gliomas. In addition, 20 meningioma specimens [World Health Organization (WHO) grade II (21)] were collected and used as the controls. Each specimen was stored at -70˚C immediately following surgical resection, and the corresponding patient's information was obtained and registered. All the specimens were pathologically confirmed by two neuropathologists according to the 2007 WHO criteria (21) . Paraffin-embedded sections were obtained from the Department of Pathology of The First Affiliated Hospital of China Medical University and reserved for the subsequent immunohistochemical assays. The frozen fresh tissue samples were subjected to reverse transcription-polymerase chain reaction (RT-PCR) and western blot assays.
RNA extraction and semi-quantitative RT-PCR.
A tumor sample (100 mg) from each patient, previously stored at -70˚C, was used for semi-quantitative RT-PCR detection according to the following method: The tissue sample was initially macerated in 1 ml of RNAiso Plus (Takara Bio, Inc., Otsu, Japan) in a 1.5 ml RNase-free centrifuge tube. Each centrifuge tube was vortexed for 15 sec to mix the contents and kept still for 5 min. Subsequently, the tubes were centrifuged at 12,000 x g at 4˚C for 5 min. The supernatant from each tube was collected and transferred to a new 1.5-ml tube and 1/5 of the chloroform volume was added. Next, the contents were mixed with 0.5 ml isopropanol, and a white pellet was obtained and washed with 75% ethanol, following centrifugation at 12,000 x g at 4˚C for 15 min, according to the manufacturer's instructions. The supernatant was removed and the resulting pellet was then air-dried and dissolved in 40 µl of RNase-free water. A UV spectrophotometer (NanoDrop ND-1000; NanoDrop Technologies, Inc., Wilmington, DE, USA) was used to measure RNA purity and content.
RT-PCR was performed on a GeneAmp PCR System 9700 thermocycler (Applied Biosystems Life Technologies, Foster City, CA, USA) using a two-step PrimeScript RT-PCR kit (Takara Bio, Inc.) according to the manufacturer's instructions. Briefly, 1 µg of RNA from each sample was converted into cDNA in a reverse transcription reaction. PCR for each gene was performed in a 20 µl reaction mixture, containing 2 µl cDNA template, 1.6 µl dNTP, 0.4 µl of each primer, 0.1µl TaKaRa Ex Taq, 2 µl 10X Ex Taq buffer (all reagents obtained from Takara) and 13.5 µl sterilized distilled water, and the conditions were as follows: 94˚C for 2 min, with cycling conditions of 94˚C for 30 sec, 55˚C for 30 sec and 72˚C for 2 min, for a total of 30 cycles, and a final extension step of 10 min. The amplified DNA product from each specimen was subjected to 1.5% agarose gel electrophoresis. Subsequently, the samples were visualized by ethidium bromide staining (Sigma-Aldrich, St. Louis, MO, USA) and images were captured using Gel Doc 2000 (Bio-Rad Laboratories, Inc., Hercules, CA, USA) under ultraviolet light and digitized with a Hewlett-Packard Scanjet scanner (Palo Alto, CA, USA) as a 256-level grayscale image in the gel analysis software, SigmaGel versino 1.0 (Jandel Scientific, Erkrath, Germany). Gene-specific primers were designed and synthesized by Takara Bio, Inc., as listed in Table I . All the results were normalized against the expression levels of the housekeeping gene, β-actin. The experiments were performed in triplicate for each sample.
Western blot analysis.
To determine the level of ADAM10 protein expression, the samples were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and western blot analysis, as described previously (22, 23) . Equal quantities of tissue lysates were resolved by SDS-PAGE, transferred onto polyvinylidene fluoride (PVDF) membranes (Roche Diagnostics, Indianapolis, IN, USA) using electroblotting, probed with specific primary antibodies, followed by horseradish peroxidase (HRP)-conjugated secondary antibodies, and then analyzed. The primary antibodies used were monoclonal rabbit anti-human ADAM10 (1:1,000; Abcam, Cambridge, UK) and monoclonal rabbit anti-human β-actin antibody (1:500; Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) and were detected using HRP-conjugated mouse anti-rabbit immunoglobulin G antibody (1:500; Sigma-Aldrich) in blocking solution. The 75 kDa band was used to analyze changes in ADAM10 expression in all the experiments. Immunoreactive protein bands were visualized using an enhanced chemiluminescence reagent (Amersham ECL-PLUS; GE Healthcare Life Sciences, Little Chalfont, UK), scanned with a FujiFilm LAS300 Intelligent Dark Box scanner (Fujifilm, Tokyo, Japan) and quantified for pixel density by the optical density (OD) method, using the Chemi Genius gel imaging system (Chemi ImagerTM 5500; ProteinSimple, San Jose, CA, USA).
Immunohistochemical assay. ADAM10 protein localization and expression were determined using an immunohistochemical method. Immunohistochemical analysis was performed using the Histostain-SP kit (Invitrogen Life Technologies, Carlsbad, CA, USA) according to the manufacturer's instructions. The primary antibody (rabbit anti-human ADAM10; Abcam) was diluted at 1:500 and ADAM10 binding was visualized using the standard avidin/biotinylated enzyme complex-HRP staining procedure, with 3,3'-diaminobenzidine as a chromogen and a monoclonal mouse anti-rabbit immunoglobulin G antibody (Histostain-SP kit, Invitrogen Life Technologies). The sections were examined using an optical microscope (BX40; Olympus Corporation, Tokyo, Japan). Cells that contained brown-yellow stained granules in the membrane and cytoplasm were considered positive. Next, five hundred cells in five randomly selected fields under high magnification were counted. Presence of <5% of positive cells was classified as (-), then 5-50% as (+), 50-75% as (++) and >75% as (+++).
Statistical analysis. Data are presented as the mean ± standard deviation, and were analyzed by the two-tailed paired t-test with SPSS 18.0 statistical software (SPSS, Inc., Chicago, IL, USA). P<0.05 was considered to indicate a statistically significant difference.
Results

Expression of ADAM10 in glioma.
RT-PCR confirmed ADAM10 mRNA expression in the glioma and control groups. As demonstrated in Figs. 1 and 2 , the relative mRNA expression levels of ADAM10 in the low-and high-grade groups were 21±1.43 and 32±2.7, respectively, compared with the control group (4.63 ±1.23). Statistical analysis demonstrated significant differences between the high-and low-grade groups (P<0.01) and between the low-grade and control groups (P<0.01).
Immunohistochemical and western blot analyses confirmed ADAM10 protein expression in the controls, and low-and high-grade gliomas. In the western blot assay, two bands for ADAM10 were observed, in which the 100-kDa band is the ADAM10 protein precursor, while the 75-kDa band is its active form. The 100-kDa ADAM10 protein precursor is non-functional and thus was excluded from the analysis. Analysis of the mean grayscale values of the mature 75 kDa band indicated that there was a trend of increasing ADAM10 protein expression correlated with increasing pathological grade ( Figs. 3 and 4 ; Table II ). In addition, a significant increase in ADAM10 protein levels was observed in the low-grade glioma group compared with the non-glioma control group (P<0.05), while the ADAM10 protein levels in the high-grade glioma group were significantly higher compared with the control non-glioma (P<0.01) and low-grade glioma groups (P<0.05).
Localization of ADAM10 protein in tissues.
As observed under the light microscope, ADAM10 protein was found to be localized on the cell membrane and blood vessel walls within tumor tissues (Fig. 5) . Cells which contained brown-yellow granules in the membrane and cytoplasm were considered to be positive for ADAM10 protein expression. The positive rate of ADAM10 protein expression in the control non-glioma group was only 9.4% of cells, while 53.8% of cells in the low-grade and 76.4% of cells in the high-grade glioma groups were deemed positive for ADAM10 protein expression. Therefore, these observations indicated a malignancy-dependent pattern for ADAM10 mRNA and protein expression.
Discussion
ADAM10, which is secreted as a precursor protein, is a member of the ADAM transmembrane protein family and has four potential functional domains: proteolytic, adhesion, fusion and intracellular signaling domains (13,15,16,18,24,25) . Previous studies have reported that a number of ADAMs are involved in the biological processes of malignant tumor cells, including proliferation and invasive growth (26) (27) (28) (29) (30) . In addition, ADAM10 has been found to be highly expressed in local secretory cells in prostate cancer and expressed in the basal cells of benign glands, while aberrant ADAM10 expression has been demonstrated to correlate with osteosarcoma progression (17, 31, 32) . A previous study has demonstrated that ADAM10 promotes the proliferation of gastric cancer cells by mediating ectodomain shedding and, therefore, activating epidermal growth factor receptor ligands (25) . Other studies have demonstrated that ADAM10 plays a role in the hydrolysis of placental type IV collagen, an important extracellular matrix component, further indicating that ADAM10 is involved in cancer invasion and metastasis (33) .
In the present study, ADAM10 expression was assessed in different grades of gliomas at the transcriptional and translational levels, while the association between glioma malignancy and ADAM10 expression was investigated. ADAM10 expression was measured in controls (meningioma) using RT-PCR and western blot analysis. The present study demonstrated that ADAM10 expression was significantly higher with increasing malignancy grade. The statistical analysis revealed that there were significant differences among the high-and low-grade groups and the control in a malignancy-dependent pattern, indicating that ADAM10 expression is closely associated with glioma malignancy. In accordance with previous studies on the role of ADAM family members in other malignancies, the present study revealed that ADAM10 may also be involved in glioma growth and invasiveness. The semi-quantitative RT-PCR and western blot analysis demonstrated that the expression level of ADAM10 is highest in high-grade gliomas, and relatively higher in low-grade gliomas compared with the controls. In the control benign brain tumors (meningiomas), ADAM10 was not significantly expressed, as confirmed by the immunohistochemical assay (Table II) . Although the specific mechanism of ADAM10 in glioma biology remains unclear, immunohistochemical staining for ADAM10 may provide new insights. As Fig. 5 shows, positive staining was mainly observed on the cell membrane, further confirming that ADAM10 is a transmembrane protein. The results of the present study demonstrated that the higher the tumor grade, the higher the ADAM10 expression level, and thus the more aggressive the tumor. In accordance with existing evidence (12) (13) (14) (15) (16) (17) (18) (19) (20) 28, 31, 33, 34) , one hypothesis is that ADAM10 promotes the invasive growth of glioma cells by hydrolyzing extracellular matrix collagen. This hydrolysis may transmit intercellular signals and promote subsequent ectodomain EGFR ligand shedding, thus stimulating intracellular relevant genes to increase tumor cell proliferation. However, this hypothesis requires further verification.
The present study also revealed that ADAM10 protein was present in the blood vessel walls of glioma tissues but the implication of this finding is unclear at present. However, a previous study suggested that ADAM10 modulates the connections between vessel wall cells by regulating vascular endothelial cadherin, a cell-adhesion glycoprotein that regulates blood vessel permeability, implying a pathological mechanism for the edema formation that can occur in glioma (32) . In addition, a previous study reported that ADAM10 may be associated with peripheral migration of glioma cells (34) . Based on these findings, ADAM10 may be involved in the regulation of tumor vascular permeability, which is likely to be one of the mechanisms responsible for the formation of evident peritumoral edema in gliomas.
The key biological function of ADAM10 and other ADAM family members is their enzymatic activity as metalloproteinases (11, (13) (14) (15) 18, 24, 26, 34) . More specifically, ADAM10 is involved in the intramembrane proteolysis process, whereby it mediates ectodomain shedding of various membrane-bound receptors, adhesion molecules, growth factors and cytokines (35) . For instance, ADAM10 is involved in regulating the ectodomain shedding of Notch, human epidermal growth factor receptor 2, CD44, interleukin-6 receptor, amyloid precursor protein and certain cadherins (18) . Considering the infiltrative and invasive growth characteristics of gliomas (3, 4) , the expression of ADAM10 is expected to correlate with not only the pathological grades, but also the aggressiveness of gliomas to a certain extent. In other words, the more malignant the glioma is, the more invasive it may be. Thus, the malignancy-dependent pattern of ADAM10 expression in gliomas may indicate that ADAM10 plays an important role in glioma invasion and may subsequently be used to predict clinical intractability and poor outcome.
In conclusion, the present study demonstrated that ADAM10 expression is closely associated with glioma grade in a malignancy-dependent pattern, indirectly indicating an important biological role for ADAM10 in glioma growth and development, particularly the invasiveness of gliomas. The expression of ADAM10 in the blood vessel walls of tumors may be associated with the formation of peritumoral edema. Further evidence is required to prove these hypotheses in future studies; however, the present study indicates that ADAM10 may be a promising target for glioma therapy.
